Introduction
The separation of aromatic and aliphatic hydrocarbons is complicated due to overlapping boiling points and azeotrope formation. Hence, the conventional processes for this type of separation are extraction or extractive distillation with polar, organic compounds. Industrially most common processes use solvents such as NFM (Uhde Morphylane Ò process), Sulfolane Ò (UOP/Shell Sulfolane Ò Process), NMP, ethylene glycols, etc. [1] . Another class of solvents, which are considered promising to replace organic solvents in industrial processes [2] , are ionic liquids (ILs). Ionic liquids are liquid salts consisting of large, mostly organic, cations and a great variety of anions. Their positive properties are a wide liquid temperature range ($300 K), low vapour pressure and the ability of tailoring. The latter provides the possibility to develop a special solvent for a specific application, e.g. separation of aromatic and aliphatic hydrocarbons.
The criteria, which a suitable ionic liquid for the separation of aromatic and aliphatic hydrocarbons must meet, are the same as for conventional solvents [3] [4] [5] . In general, this means high solubility for the aromatic hydrocarbons in the solvent combined with a high selectivity resulting from a low solubility of the aliphatic components.
n the open literature mostly imidazolium based ionic liquids combined with anions such as [Tf 2 
N]
À , [CH 3 SO 4 ] À , and [BF 4 ] À are described as solvents for the extraction of aromatic hydrocarbons from aliphatic components [6] [7] [8] [9] [10] [11] [12] [13] . For the extraction of toluene from nheptane it was recently shown that anions such as [DCA] À in combination with pyridinium cations provide superior capacity and selectivity [14] . Since real petrochemical streams, e.g. naphtha, consist of a large variety of components, it is important that, in addition to toluene and n-heptane, also (liquid + liquid) equilibrium data for ionic liquids with other important constituents of petrochemical streams are generated. For this reason, the objective of this work is to determine (liquid + liquid) equilibrium (LLE) data for 3-methyl-N-butylpyridinium dicyanamide in various ternary mixtures with benzene, cumene, and p-xylene as aromatics and n-hexane and nnonane as paraffins over a broad composition range. The experimental phase compositions were correlated with the non-random two liquids (NRTL) activity coefficient model for the ternary systems (3-methyl-N-butylpyridinium dicyanamide + benzene + n-hexane), (3-methyl-N-butylpyridinium dicyanamide + cumene + n-nonane), (3-methyl-N-butylpyridinium dicyanamide + p-xylene + n-hexane), at T = 303.15 K and 328.15 K and p = 0.1 MPa.
Experimental section

Materials and methods
The ionic liquid 3-methyl-N-butylpyridinium dicyanamide, [DCA], (>97%) and p-xylene (P99.9%) were purchased from Merck. Benzene (P99%), cumene (98%), n-hexane (P99%), n-nonane (P95%), ethylbenzene (P99%), and acetone (p.a. >99%) were purchased from Fluka. Prior to the experiments, the ionic liquid has been dried in a rotary evaporator (Büchi Rotavapor R-200) at 100°C and under reduced pressure. Subsequent, the water content of [DCA] has been determined by means of Karl-Fischer titration and was found to be 900 ppm.
Equipment and experimental procedure
Liquid-liquid extraction experiments were carried out in jacketed glass vessels with a volume of about 70 ml. The vessels were closed with a PVC-cover through which a stirrer shaft was lead. For each experiment 10 ml of the feed and 20 ml ionic liquid have been added and the mixture was stirred (1200 rpm) for 15 min to reach equilibrium [5] . After stirring, the two phases were allowed to settle for about 1 h. For phase mixing two stainless steel propellers, one in the bottom phase and one at the phase interface, with an electronic stirrer (Ika Eurostar) were used. In order to maintain constant temperature (±0.1 K) a water bath (Julabo F32-MW) was used. A more detailed description of the experimental procedure was reported earlier by Meindersma et al. [5] .
Analysis
After equilibrium was reached, a sample of 0.5 ml of each phase was taken and analysed by gas chromatography (Varian CP-3800). Acetone was added to the samples to avoid phase splitting and to maintain a homogeneous mixture. Ethylbenzene (0.2 ml for the raffinate samples and 0.1 ml for the extract phase samples) was used as internal standard for the GC-analysis. The compositions of toluene and heptane in the samples were analysed by a Varian CP-3800 gas chromatograph with an WCOT fused silica CP-SIL 5CB column (50 m Â 0.32 mm; DF = 1.2) and a Varian 8200 AutoSampler. Since ionic liquids have no vapour pressure and they cannot be analyzed by GC only the hydrocarbons of the feed were analyzed and the amount of ionic liquid was calculated by means of a mass balance. For a ternary mixture, only two components need to be analyzed; the third one, the ionic liquid, was determined by a mass balance of the measured mass fractions of toluene and heptane. In order to avoid inaccuracy of the analysis caused by fouling of the gc by the ionic liquid a liner and a pre-column have been used. Furthermore, measurements were carried out in duplicate to increase accuracy.
The deviation in the calibration curves of 1% and a possible contamination of the gas chromatograph can cause a variance in the mole fractions (estimated on 1%). The averages of the two measurements were used in our results. The relative average deviation in the compositions is about 2.5%.
LLE data correlation
The phase equilibrium data for the described systems were correlated with the non-random two liquids (NRTL) model derived by Renon and Prausnitz in 1968. It was shown earlier that this model is a good approach for the description of LLE and VLE for systems containing ionic liquids [15] [16] [17] [18] . The objective function for the regression of the NRTL-parameters is the equality of the activity for each component in both phases. With the assumption of equilibrium in the liquid phase, the referring equation is: 
whereas s ij and G ij are NRTL-parameters, which are calculated via the non-randomness parameter, a ij , and the parameters a ij and b ij /K. The model parameters of the NRTL equation (a ij , a ji , b ij / K and b ji /K) were determined via data regression using ASPEN Plus 12.1. The values of the non-randomness parameter, a, were assigned to 0.3 for the interaction aromatic/aliphatic and regressed for the interaction aromatic/IL and aliphatic/IL, see table 1. The parameters obtained describe the three ternary systems investigated in this work well, however, the application to similar systems is not recommended. Moreover, in recently published work investigating the ternary system (toluene + n-heptane + ionic liquid) with the chemically alike ionic liquids [BMIM] [DCA], [BMIM] [SCN], and [DCA] significantly different parameters for all three systems were obtained [19] .
Since the concentration of the ionic liquid in the raffinate phase is very low, while it is very large in the extract phase the constraints for the ionic liquids in the data properties were left out in order to avoid numerical problems. This has been done according to Seiler et al. [20] , who suggests treating the IL as non-dissociating solvent. The negligible vapour pressure for the ionic liquids was represented by means of the Antoine equation and, in order to be able to fulfill the equation for the equality of fugacity and to circumvent numerical problems, calculated to be <10 À2 Pa. In order to obtain sound results for the ternary systems (3-methyl-N-butylpyridinium dicyanamide + benzene + n-hexane) and (3-methyl-N-butylpyridinium dicyanamide + cumene + n-nonane) the standard deviation was adjusted to 1 Â 10 À5 for (3-methyl-N-butylpyridinium dicyanamide + benzene + n-hexane) and to 1 Â 10 À4 for cumene and 1 Â 10 À6 for n-nonane in case of (3-methyl-N-butylpyridinium dicyanamide + cumene + n-nonane). Additionally, for the system (3-methyl-N-butylpyridinium dicyanamide + benzene + n-hexane) the data points 
Results and discussion
The experimental LLE data for the ternary systems ( Together with the LLE data tables 2 to 4 include the corresponding values for the solute distribution ratio (b i ) and the selectivity (S), which are widely used parameters to characterize the suitability of a solvent in liquid-liquid extraction. The distribution coefficients b i are directly calculated from the mole fractions in extract and raffinate phase at equilibrium. b i is defined as the ratio of the mole fractions of the component in the extract phase (ionic liquid) and in the raffinate phase (organic phase). Their calculation is easily made from the experimental compositions of the tie line ends, according to the following expressions:
The selectivity S is derived from the ratio of the distribution coefficients, according to:
The ternary diagrams for all three systems are depicted at both temperatures in figure 1 
Distribution coefficient
As illustrated by figure 2, the aromatic distribution coefficient decreases with increasing aromatic mole fraction, whereas the aliphatic distribution coefficient increases with increasing aromatic mole fraction. Holbrey et al. showed that ionic liquids and aromatic solutes organize in a sandwich structure, where the ionic liquid cations and the aromatic solutes interact in an alternating structure through p-p interactions with the ionic liquid anions arranged around this complex [21] . With increasing aromatics content the distance between aromatic solutes and cations becomes larger, reducing the strength of interaction and thereby the distribution coefficient. Additionally, the increased aromatics content of the ionic liquid increases the aliphatic distribution coefficient by enabling the aliphatic components to arrange themselves between the molecules.
With respect to temperature it is visible in figure 2 that, except for benzene, the aromatic distribution coefficient, b aromatic , is almost temperature independent, while the aliphatic distribution coefficient increases with increasing temperature. Also this observation can be explained by increased molecular movements caused by increasing temperature, which breaks down the ordered sandwich like structure within the ionic liquid. As a consequence, the solubility due to the specific aromatic-ionic liquid p-p interactions is reduced, while at the same time the thermal expansion enables more aromatics to arrange themselves between the ions. Apparently both effects cancel out, resulting in a more or less constant aromatics distribution coefficient. For the aliphatics the break down of the ordered structure within the ionic liquid is the dominating effect, resulting in a higher aliphatic solubility at higher temperatures. The reduced benzene capacity with increasing temperature can be explained from the same phenomena. Compared to the other studied aromatics, benzene is the smallest molecule with the least sterical hindrance and strongest p-system. Therefore, the interaction between benzene and the ionic liquid is, compared to the other aromatic hydrocarbons, the most strongly based on pp-interaction. Additionally its molecular movement is higher than that of the other aromatic components. Therefore, the reduction in the strength of p-p-interaction due to a break down of the sandwich structure at higher temperatures is the dominating phenomenon for benzene that decreases the benzene distribution coefficient. At the same time this creates more space for the aliphatic components to arrange themselves between the ionic liquid, explaining the stronger temperature dependence for b Hexane in the 
Selectivity
In line with the effects of aromatics concentration and temperature on the distribution coefficients is the influence of these effects on the aromatic/aliphatic selectivity. The decrease of b aromatic and increase of b aliphatic is expressed by a decrease in selectivity as it is apparent from figure 3.
From figure 1 it is obvious, that the solubility of the aromatics decreases in the following order: benzene > p-xylene > cumene. Whereas, evident from figure 3, this effect is the strongest for benzene with a significant sharp decrease in solubility and therewith selectivity. For other aromatic hydrocarbons the decrease in solubility is less strong. This is due to sterical hindering of the alkyl groups attached to the aromatic ring. The more and/or bigger the side chains, the more difficult it is for the molecules to organize in a sandwich structure [21] which is the likely reason for the decrease in selectivity. Thus, in general, the decrease in selectivity of the different systems follows the solubility. However, in this case due to the extreme low solubility of n-nonane the selectivities are in the order of benzene/n-hexane > cumene/n-nonane > p-xylene/ n-hexane. Therewith, the conclusions drawn from figure 1 are verified by the graphs for the different aromatic selectivities shown in figure 3 .
Comparison of experimental and correlated data
As it is visible in figure 1 , the experimental data are well correlated by the NRTL equation. Hence, there is a good agreement between experimental and calculated data and the tie lines in the ternary diagrams coincide in most cases. The validity of the model has been verified by means of the root mean square deviation (d): Experimental and calculated values of the selectivities of the three measured ternary diagrams are compared in figure 3 . It is apparent that for all measured ternary systems the values are in good agreement.
Conclusion
Liquid-liquid experimental data were determined for the ternary systems ( 
